Optomechanical crystals, purposely designed and fabricated semiconductor nanostructures, are used to enhance the coupling between the electromagnetic field and the mechanical vibrations of matter at the nanoscale. However, in real optomechanical crystals, imperfections open extra channels where the transfer of energy is lost, reducing the optomechanical coupling efficiency. Here, we quantify the role of disorder in a paradigmatic one-dimensional optomechanical crystal with full phononic and photonic bandgaps. We show how disorder can be exploited as a resource to enhance the optomechanical coupling beyond engineered structures, thus providing a new toolset for optomechanics.
The coupling of electromagnetic radiation to mechanical vibrations is at the heart of solid-state quantum photonics [1] while phonon transport at different frequencies governs crucial physical phenomena ranging from thermal conductivity [2] to the sensitivity of nano-electromechanical resonators [3] . This coupling can be controlled very efficiently by optomechanical crystals [4] , like nanobeams [5] [6] [7] , where the electromagnetic field and the mechanical displacement can be colocalized spatially within defect modes engineered in the structure. In the ideal case, i.e., in absence of imperfections, the coupling efficiency between phonons and photons is just limited by intrinsic losses such as thermoelastic damping [8] . However, further energy dissipation is imposed by unavoidable fabrication imperfections which open extra leaky channels dramatically reducing the optomechanical coupling efficiency. Phonons are particularly sensitive to fabrication imperfections which can break the symmetry allowing the coupling among phononic Bloch modes with different symmetry [9] and reducing the optomechanical coupling efficiency. Since disorder is considered detrimental, efforts are usually oriented on minimizing it [10, 11] . Here, we propose a different strategy focused on exploiting disorder as a resource.
When a crystal is structurally perturbed such as a crystalline solid, a photonic crystal or an optomechanical crystal, the ideally propagating Bloch modes undergo random multiple scattering and become sensitive to imperfections specially at the edges of the band gap [12] . In the fully threedimensional case [13] , a phase transition occurs when disorder is sufficiently high and the modes become localized states, decaying exponentially when ensemble-averaged with a characteristic length scale called the localization length, ξ. In the one-dimensional structure analyzed here, the crossover from extended to localized modes occurs at ξ ≤ L, where L is the total length of the structure [13] . These disorder-induced narrow resonances populate the spectrum around the band edges forming a band of localized modes known as Lifshitz tail [14] , which broadens with increasing disorder. This type of confinement, also known as Anderson localization, was proposed * Electronic address: david.garcia@icn2.cat in the context of electronic transport to explain the metalinsulator phase transition induced by structural imperfections in a semiconductor [15] . In this Letter, we explore the role of disorder on phonon propagation and on the optomechanical coupling. We use a commercially available finite-element method solver to explore phonon Anderson localization in the nanobeam structure plotted in Fig. 1a . We calculate the total deformation vector of the structure, u, considering continuum linear mechanics theory [16] . In detail, we perform an eigenfrequency analysis to obtain the mechanical eigenmodes of the system and a frequency domain analysis to obtain the steady-state deformation of the structure after a force applied at a frequency ωF typically at the center of the structure. The eigenmodes of this particular design are distributed in bands with a full gap opened for GHz phonons and hundreds of THz photons [7, 17] , as shown in Fig. 1b and 1c . The structure is obtained by creating holes with a period of a = 500 nm and radius r = 0.3a on a silicon membrane beam with thickness t = 0.44a and width w = a. The total length of the simulated structure is L = 100a. Fig. 2a plots the mechanical spectrum calculated for the (finite) perfect structure, revealing a clear phononic gap which expands from about 3.6 GHz to 4.1 GHz. The quality factors of the mechanical modes are obtained by including thermoelastic damping in our full three-dimensional simulations [18] . Disorder is introduced by randomizing the positions of the holes by ∆r, normally distributed around their ideal position with a standard deviation Fig. 2b shows how the gap is populated with disorder-induced resonances which are strongly localized along the crystal perturbed by σ = 0.08a. Fig. 2c plots an example of an Anderson-localized mechanical mode with an effective volume of V eff = 0.1 µm 3 , which represents half of the effective volume of a perfect engineered mechanical cavity [17] . Although we focus here on phonon localization, the photonic counterpart also becomes localized as shown in Fig. 2d for σ = 0.08a.
The mechanical properties of this structure are even more sensitive to the perturbation of the wings of the unit lattice. Fig. 3 shows how the gap is populated with disorder-induced resonances when perturbing either the position of the holes (a) or the width of the wings (b) the same amount, σ = 0.04a. We remark that the optical and the mechanical properties are affected differently by the structural parameters of the unit cell, as explained in Ref [7] and confirmed here by our calculations. For example, the electromagnetic field is much more sensitive to the positions of the holes while the mechanical vibrations are more affected by the wings and localized when perturbing their position just by σ > 0.01a, as plotted in Fig. 3c . We attribute this to the fact that the wings distribute the mass anisotropically within the unit cell thus providing the necessary interference to open a full mechanical gap [17] . This different response opens the exciting possibility to engineer their colocalization independently to enhance the optomechanical coupling rate even further.
The figure of merit of an Anderson-localized cavity is the localization length, ξ, its ensemble-averaged exponential spa- tial decay. ξ is a key parameter in the Anderson localization regime, i.e., in photonics it determines the degree of confinement and the coupling strength between a quantum light emitter to a localized mode [19, 20] as well as the efficiency of a random laser working in the Anderson-localization regime [21] . The localization length sets the crossover for strong disorder in low dimensional systems as ξ ≤ L. To obtain ξ for phonons, we calculate the steady-state total mechanical displacement resulting from a force, F = F i, applied at the center of the structure at a frequency ωF with an arbitrary amplitude. Three lattice units of perfect reflectionless absorbers are added at both terminations to mimic an open system and to avoid unwanted reflections. As plotted in Fig. 4a for ωF = 3.5 GHz, this mechanical displacement is strongly fluctuating along the structure but decays exponentially after ensemble-averaging over ten configurations as shown in Fig. 4b . This exponential decay is a fingerprint of Anderson localization [22] which is non trivial to observe in a periodic nanostructure [23] . Fig. 4c plots the strongly dispersive ξ for σ = 0.08a, which decreases well below the sample length, L = 100a, down to a lattice unit within the phononic gap. This strong dispersion is due to a delicate interplay between order and disorder which has already been explored in other perturbed periodic nanostructures where only the photonic [23, 24] or the phononic [25] localization were independently analyzed. A fully statistical analysis of the phase space of this particular physical system, which is certainly , calculated between all the Anderson-localized mechanical and photonic modes found in ten nanobeams randomized with a standard deviation σ = 0.04a (black dots), σ = 0.08a (red dots) and σ = 0.12a (blue dots). We fit them with a log-normal distribution. (b) g OM /2π calculated when perturbing the width of the wings by σ = 0.08a (red squares), compared to the coupling calculated when perturbing the holes by the same amount (red dots).
rich, e.g., frequency, amount of disorder and type of disorder, is necessary to maximize the optomechanical coupling induced by disorder and it is out of the scope of the present manuscript.
In the low-frequency range in Fig. 4c , ξ scales as DMS −2 , where DMS is the density of mechanical states calculated as [∂ω(k)/∂k] −1 and ω(k) the phononic dispersion relation of the ideal structure plotted in Fig. 1b . This scaling has been observed in photonic-crystal waveguides [24] and in threedimensional photonic crystals [26] and it is attributed to a modified scattering cross section in a perturbed periodic structure. To explain this scaling, there are basically three approximations to take into account. First, in a one-dimensional single-mode structure, the localization length equals the scattering mean free path [13, 27] , i.e., ξ ≈ s. In addition, as our system and our calculations are fully three dimensional, the scattering mean free path can be expressed s = 1/ρsΣ, where ρs is the number density of scatterers and Σ is the scattering cross section [13] . Finally, two separate mechanisms determine Σ in a periodic structure: how the Bloch mode couples to the scatterer and how the scatterer radiates the scattered wave. While the former is described by the density of states along the incident wavevector k [28] , the latter reduces also to the density of states when considering only in-plane scattering [29] and gives rise to the scaling of ξ with DMS −2 shown here. In the inset to Fig. 4c , we plot ξ vs. amount of disorder at a frequency ωF = 3.5 GHz. Here, we assume the difference between the perturbed and the ideal hole [30] as the scattering source yielding a scattering cross section Σ = (0.60 ± 0.03)a 2 = (6 ± 0.1)r 2 , which is comparable to the area of a full hole and shows a dramatically enhanced scattering response at this particular frequency.
Finally, we calculate the vacuum optomechanical coupling rate g OM /2π between all the photonic and phononic Anderson-localized modes found in a set of structures perturbed by different amounts of disorder. Details of the calculation of g OM /2π can be found elsewhere [10] . Fig. 5a plots the probability distribution of the calculated g OM /2π for ten structures perturbed by σ = 0.04a (black dots), σ = 0.08a (red dots) and σ = 0.12a (blue dots). Deep in the localization regime, many variables deviate from a normal distribution showing heavy-tailed distributions such as, e.g., the quality factor and the volume of localized modes [20] , the transmission intensity [31] or the conductance fluctuations [27] . In this case, we also observe a log-normal distribution of g OM /2π in the localization regime. The mean value of the log-normal distribution increases with disorder, while the variance has a maximum value for σ = 0.08a and then decreases. We attribute this dependence on disorder to a non-trivial interplay between the localization length and the photonic leakage outof-the structure. Up to σ = 0.08a, the localization length is comparable to the total length of the structure (see inset to Fig. 4c ), thus giving rise to extended leaky modes with poor coupling rates -in the range of 0.1 kHz. With increasing disorder, the localization length decreases giving rise to strongly confined modes within the structure with larger coupling rates. For larger perturbation, however, also the leakage of photonic modes increases which reducing both the photonic confinement and the optomechanical coupling. The maximum rates are calculated in the 100s of kHz range and correspond to strongly overlapping photonic and phononic localized modes, which are at experimental reach as we have explored only ten structures. We compare these values with the coupling rates calculated for an engineered tapered cavity in the same structure [17] , which offers a maximum coupling rate in the 10s of kHz [7, 17] . Although it is possible to improve significantly this value by band engineering, the coupling between perfect bare cavity modes is significantly lower than the maximum values shown here. For completeness , Fig. 5b plots the probability distribution of the coupling rate calculated when perturbing the width of the wings and the position of the holes by σ = 0.08a.
In conclusion, we present a numerical analysis of Anderson localization in optomechanical crystals with particular attention to phonon localization which opens the possibility to study the role of polarization in Anderson localization [32] . Our calculations demonstrate an alternative route to explore optomechanical coupling at the nanoscale well beyond the state-of-the art where imperfections play a central role. Here, we calculate the vacuum optomechanical coupling rate between disorder-induced modes that overcome the coupling rate of engineered cavity modes. Controlling Anderson localization in these nanostructures can also bring innovative solutions to open issues in a broad range of scientific disciplines, e.g., slowing down the dephasing time scale of spin qubits [33] or even for thermal insulation [34] at very low temperatures (mK).
